First-principles calculations were employed to elucidate the origin of adsorption-induced surface stresses in alkanethiolate self-assembled monolayers on an Au(111) surface. Our results suggest a mechanism that accounts for the huge relief of the tensile stress compared to the bare surface in terms of a local rearrangement of surface Au atoms accompanying charge removal from the surface towards the Au-S bond. A purely interadsorbate interaction model is shown to be inconsistent with the anisotropy and the magnitude of the calculated stress. DOI: 10.1103/PhysRevLett.101.185504 PACS numbers: 62.23.St, 07.07.Df, 82.47.Rs, 87.85.fk Self-assembled monolayers (SAMs) of organic molecules on metal surfaces have shown great promise in the development of nanoscale electronic and mechanical devices. Consequently, these systems have received much attention from experiments and theory alike. In particular, the physics and chemistry of alkanethiolate (AT) SAMs on Au have been extensively investigated [1] [2] [3] [4] [5] [6] [7] . Their adsorption is known to lead to changes in the surface stress of the metal substrate which can be transduced into either mechanical motion as in a cantilever or capacitance changes of a membrane. The binding of target species ranging from small molecules such as trinitrotoluene [8, 9 ] to large fragments of DNA [10] to the ends of AT SAMs leads to a further change in stress which can be detected in the same way. This property has been shown to be very useful for sensing applications where one uses functionalized AT SAMs on Au as a receptor coating layer to sense a desired target. By varying the chemistry of the target-receptor (T-R) interaction it is possible, in principle, to achieve high selectivities and sensitivities of 1 in 10 12 [8] . Systematic tuning of the performance of nanomechanical sensors based on surface stress changes requires complete knowledge of the physical mechanisms governing both the AT adsorption and T-R binding induced stress responses. The surface stress change following SAM formation is in itself a quantity of fundamental interest since it can strongly influence the structure and energetics of interfaces relevant to nanoscale device applications and has been the subject of much experimental [11] and recent theoretical effort [12] [13] [14] . However, the origin of adsorption-induced stress, particularly in the AT SAMs, is unknown. The key mechanisms operative have not been elucidated and it remains unclear whether the weak effects arising from interadsorbate interactions can alone account for the large stress responses. For instance, the 22 Â ffiffiffi 3 p reconstruction of bare Au(111) and the lifting of the same in the AT covered surface are both thought to be driven by stress relief [15] . However, while the effect has been studied well for the bare surface, the mechanism in the AT covered surface is yet to be completely understood.
First-principles calculations were employed to elucidate the origin of adsorption-induced surface stresses in alkanethiolate self-assembled monolayers on an Au(111) surface. Our results suggest a mechanism that accounts for the huge relief of the tensile stress compared to the bare surface in terms of a local rearrangement of surface Au atoms accompanying charge removal from the surface towards the Au-S bond. A purely interadsorbate interaction model is shown to be inconsistent with the anisotropy and the magnitude of the calculated stress. Self-assembled monolayers (SAMs) of organic molecules on metal surfaces have shown great promise in the development of nanoscale electronic and mechanical devices. Consequently, these systems have received much attention from experiments and theory alike. In particular, the physics and chemistry of alkanethiolate (AT) SAMs on Au have been extensively investigated [1] [2] [3] [4] [5] [6] [7] . Their adsorption is known to lead to changes in the surface stress of the metal substrate which can be transduced into either mechanical motion as in a cantilever or capacitance changes of a membrane. The binding of target species ranging from small molecules such as trinitrotoluene [8, 9] to large fragments of DNA [10] to the ends of AT SAMs leads to a further change in stress which can be detected in the same way. This property has been shown to be very useful for sensing applications where one uses functionalized AT SAMs on Au as a receptor coating layer to sense a desired target. By varying the chemistry of the target-receptor (T-R) interaction it is possible, in principle, to achieve high selectivities and sensitivities of 1 in 10 12 [8] . Systematic tuning of the performance of nanomechanical sensors based on surface stress changes requires complete knowledge of the physical mechanisms governing both the AT adsorption and T-R binding induced stress responses. The surface stress change following SAM formation is in itself a quantity of fundamental interest since it can strongly influence the structure and energetics of interfaces relevant to nanoscale device applications and has been the subject of much experimental [11] and recent theoretical effort [12] [13] [14] . However, the origin of adsorption-induced stress, particularly in the AT SAMs, is unknown. The key mechanisms operative have not been elucidated and it remains unclear whether the weak effects arising from interadsorbate interactions can alone account for the large stress responses. For instance, the 22 Â ffiffiffi 3 p reconstruction of bare Au(111) and the lifting of the same in the AT covered surface are both thought to be driven by stress relief [15] . However, while the effect has been studied well for the bare surface, the mechanism in the AT covered surface is yet to be completely understood.
We present in this Letter a first-principles densityfunctional theory (DFT) analysis of the origin of surface stresses in both the bare and alkanethiolate coated Au surface. We first consider the bare unreconstructed Au (111) surface and confirm the existence of a tensile stress which originates from a charge redistribution into the bonds between surface atoms. We then compute the surface stresses on short chain AT SAMs on Au(111) and find a large anisotropic reduction of the stress. We argue that current models of adsorption-induced stress are unable to describe either the magnitude or the anisotropy we observe in our DFT results. Instead, our analysis of the charge distribution and structure of this surface brings to light a simple local stress relief (LSR) model that takes into account a stress-relieving distortion of surface Au atoms promoted by localized charge removal by the Au-S bonds, and can explain consistently both the calculated anisotropy and the large stress relief. The mechanism we propose provides a new handle on the design of surface stress-based nanomechanical sensors that could have an important impact on the sensitivity of these devices.
We employed a plane wave DFT framework using the QUANTUM-ESPRESSO package [16] . Core electrons were modeled by ultrasoft pseudopotentials [17] . Semicore d electrons of gold were included explicitly in the calculation as they are crucial for an accurate description of the surfaces considered. Total energies were calculated using a generalized-gradient approximation to the exchangecorrelation functional according to the Perdew-BurkeErnzerhoff [18] scheme and with a plane wave kinetic energy cutoff of 25 Ry. Surfaces were represented by a 10 atomic layer slab with at least 12 Å vacuum separating the two slab surfaces, ensuring a stress convergence of 0:05 N=m. Our calculations on both the bare and AT coated surfaces were performed in a ffiffiffi 3 p Â ffiffiffi 3 p R30 surface supercell, which is commensurate with the experimentally observed periodicity for AT SAMs on Au [3, 4] . The Brillouin zone of the slabs was discretized by dense meshes of 10 Â 10 Â 1 k points. All slabs were relaxed fully until the forces on each atom were less than 3 meV= # A.
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The stress tensor in every case was obtained using the Nielson-Martin stress theorem [19] which represents the stress as a functional of the ground-state density. This approach directly yields the stress along with the energy at the end of standard DFT ground-state calculation. The surface stress for a fully relaxed surface was obtained as [20, 21] 
where and are, respectively, the surface and the supercell stress tensors and L z is the length of the supercell along the surface normal. The factor of 1=2 accounts for the two equivalent surfaces in all our slab calculations.
As our reference system, we first computed the surface stress for the bare Au(111) surface and obtained an isotropic tensile stress of 2:88 N=m. The origin of the tensile stress on bare Au(111) has been discussed previously [12] [13] [14] , and our analysis confirms the prevalent picture. As shown in Fig. 1 , we find that the electronic charge in the surface layer is redistributed in between the Au-Au bonds leading to an increased attraction between the bonded Au atoms. For the ffiffiffi 3 p Â ffiffiffi 3 p surface used in the calculations, the surface Au-Au distances are more than the equilibrium distance dictated by the charge redistribution, leading to a large tensile stress on this surface. We confirm this picture by a Löwdin population analysis which gave a reduced contribution to the charge density from surface Au sp orbitals relative to those in the bulk and a slightly increased contribution from surface d orbitals. This charge redistribution between the sp and d orbitals has been correlated to the tensile stress in the case of d-block metals [13] , in good agreement with our results.
The above rationalization of the tensile stress allows us to anticipate the effect of adsorbates on the surface stress in terms of further charge redistribution promoted by chemical bonding with the adsorbate. Electron donating adsorbates are expected to lead to tensile stresses whereas electron acceptors would lead to compressive stresses [14] . STM-coupled electrochemical measurements of the charge response of the Au(111) surface also yield compressive stresses that increase linearly with the positive charge density of the surface [22, 23] . These observations point to a charging-induced surface stress model [14] whereby one can even lift the reconstruction of the Au (111) surface with adequate charging [15] . Interadsorbate interactions could also contribute to the observed surface stress changes and, in fact, were used to account for compressive stresses seen in AT adsorption on Au [24] . However, our DFT results presented below indicate a large anisotropic tensile stress relief upon AT-SAM formation. We demonstrate that neither the charging model nor interadsorbate interactions can satisfactorily capture all the aspects of the ab initio results. The actual response is due to an interplay between the charge redistribution and structural rearrangements on the surface.
Alkanethiolate-adsorbed Au surfaces were optimized starting from an adsorption site close to the fcc hollow and allowing all atoms to fully relax. The resulting energetic and structural parameters are in good agreement with previous work [25] . The optimized structure for methanethiolate on Au, shown in Fig. 2 , has the sulfur atom located in the region between the bridge and the fcc site and above the surface (about 0.30 Å away from the twofold bridge site). The S-C bond is tilted by an angle of 54 away from the surface normal over the bridge site towards the hcp site. Table I summarizes our calculated adsorption-induced changes on the stress. Unlike the bare surface the stress tensor is now anisotropic with a tensile (positive) stress along ½01 " 1 (v 1 ) and compressive (negative) stress along ½ " 211 (v 2 ). These directions are equivalent to the ones marked in Fig. 1 . Our results also indicate that the magnitudes of these stresses are much smaller than that of the bare surface, indicating a large tensile stress relief. Similar features are also observed in the stress for ethanethiolate on Au (Table I) .
A decrease in tensile stress would lead to the deflection of a cantilever away from the receptor layer based on this adsorption system as is observed in experiments [24] . Hence, our results are in good agreement with the experimental trend. However, the adsorption response has been suggested to be due to dipolar repulsion between the molecular dipoles. The magnitude of stresses due to such repulsive interactions can be shown to be at least an order of magnitude smaller than those calculated here.
It can also be shown that the anisotropy obtained from such a molecular dipole model is entirely inconsistent with that predicted by our DFT results. If we imagine the adsorbate layer as a 2-dimensional hexagonal lattice of point dipoles, then the strength of the interaction, restricted only to nearest neighbors, is given by where and are, respectively, the polar and azimuthal angles of the molecular dipole moment vector and is the angle describing the distance vector between the nearest neighbor dipoles in the lattice plane. For dipoles normal to the surface one expects isotropic repulsion and hence compressive stresses. However, the AT molecules on Au (111) are found to be tilted at an angle of ¼ 54 to the surface normal. The sign of the nearest neighbor interaction energy and the corresponding force as a function of the location of the neighbor () is depicted in Fig. 2(c) . It is clearly seen that the interaction is anisotropic and it is unreasonable to expect uniform compressive stresses. However, according to this model, the stress along v 1 must be compressive and that along v 2 tensile, inconsistent with the values in Table I . Hence, the molecular dipoles cannot be the sole contributors to the observed stress.
The charging-induced stress models also cannot account for this anisotropy as a uniform charging of metal surfaces would preserve the symmetry of the bare neutral surface. Moreover, the maximum change induced in the stress in such a case is 0:3-0:4 N=m in the compressive direction, as seen in experiments [23] and predicted by DFT [28] , for surface charge densities similar to those induced upon AT-SAM formation. This strongly suggests that there is an entirely different mechanism at play.
In order to probe the cause of the large stress reduction we performed a charge-density analysis similar to that for the bare Au surface discussed earlier. Our results [Figs. 2(b) and 2(c) ] indicate a removal of electronic charge from the Au surface and the S atom towards an Au-S bond. This removal of charge from the metal surface is, in fact, localized between the two bridge Au atoms bonded to the S as depicted in the contour plot in Fig. 2(d) .
Concomitantly, the spacing between bridge Au atoms along ½01 " 1 or v 1 increases (by 0.17 Å ) compared to the bulk value causing the two bonds to an on-top site in the same row to shrink (by $0:05 # A) [29] . Based on the observation above we propose a local stress relief mechanism to be operative: bare Au(111), as discussed earlier, has a tensile stress because of charge buildup between Au atoms as compared to bulk. The adsorption of the thiol molecule near every fourth bridge site along v 1 results in a depletion of this charge from the bond between Au atoms constituting the bridge. The repulsion resulting from this charge depletion causes the bridge Au atoms (bonded to the S) to move apart, thereby also shrinking the bond to the adjacent (on-top) atom on either side of the bridge. This relaxation pattern, indicated by the short arrows in Fig. 2(b) for a row of atoms belonging to the surface, allows for the large relief in tensile stress not possible on the bare surface.
A localized removal of charge is crucial for this mechanism to hold and is possible on a metal surface only via adsorption of molecules at specific sites. Merely charging the Au surface would lead to a uniform removal of charge and hence a uniform expansion of the surface [28] preserv- ) are principal stresses in directions À30 and 60 of the x axis, respectively (see Fig. 2 ).
E ads (eV) ing the hexagonal symmetry. Since the on-top site does not move much relative to its position on the bare surface, the stress along v 2 originates simply from the repulsion that persists along that direction following the charge induced on the surface. As a result the stress in this direction is compressive and results from a different mechanism. An alternative but equivalent point of view is that the induced charge produces compressive stresses in both directions but is relieved along v 1 by the LSR mechanism. In either point of view, the overlayer structure formed upon adsorption dictates the anisotropic stress relief.
The proposed mechanism has fundamental as well as practical implications. The stress-charge response of (111)-textured Au electrodes under specific adsorption conditions has been recently measured [30] by in situ dilatometry experiments. The experiments indicate a lowering of the response coefficient (Á=Áq) compared to direct metal-electrolyte interfaces. A similar effect is anticipated upon alkanethiolate adsorption as well. This could be explained using the second point of view presented above. Unlike the bare surface, any charge removed from the thiolated surface would originate from the bridge sites where the molecules are bound. Hence, the compressive stress, that would otherwise be induced by charging, is relieved along one of the directions by LSR rearrangements bringing down the average response [31] . This illustrates the power of the LSR mechanism and may provide a new handle on sensor design. AT molecules are needed in the preparation of receptor layers and when appropriately functionalized they can bind to targets with high specificity. Our results suggest that it would then be extremely beneficial to design organic thiols where target binding can be conveyed as a charge response down to the Au-S bond instead of relying on weak interchain interactions as is currently done. This would constitute a design challenge but would not be beyond the reach of present-day synthetic chemistry techniques. The resulting high sensitivities could enable detection even in the presence of competing environmental factors such as humidity, rendering nanomechanical sensing a more practical technology.
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